ABSTRACT Forensic entomology is an inferential science because postmortem interval estimates are based on the extrapolation of results obtained in Þeld or laboratory settings. Although enormous gains in scientiÞc understanding and methodological practice have been made in forensic entomology over the last few decades, a majority of the Þeld studies we reviewed do not meet the standards for inference, which are 1) adequate replication, 2) independence of experimental units, and 3) experimental conditions that capture a representative range of natural variability. Using a mock case-study approach, we identify design ßaws in Þeld and lab experiments and suggest methodological solutions for increasing inference strength that can inform future casework. Suggestions for improving data reporting in future Þeld studies are also proposed.
Forensic entomologists are sometimes used by police services to assist with estimating the postmortem interval (PMI) or period of insect activity (PIA), which often overlap on the same day(s) (Tomberlin et al. 2011 ) unless conditions at the crime scene (e.g., concealment, burial) delay arthropod discovery or colonization (Amendt et al. 2007 ). Customary procedures for PMI estimation in the early postmortem period involve a collection of Diptera eggs/larvae from pioneer families (e.g., Calliphoridae) that have been shown under laboratory conditions to have temperature-dependent development rates (e.g., Kamal 1958 , Nishida 1984 , Greenberg 1991 , Anderson 2000 , Byrd and Allen 2001 . In later stages of corpse decomposition, when pioneer ßy larvae have migrated away from the remains, the PMI may be estimated from a comparison between the insect community (i.e., mostly orders Diptera and Coleoptera) on the remains at the time of discovery and successional timetables from an animal model (that includes the PIA), supplemented in some cases by veriÞed death cases from the same geographic area (e.g., VanLaerhoven 1996, Anderson 2010) .
In contrast with the forensic identiÞcation sciences that "assume discernible uniqueness" (Saks and Koehler 2005, Saks 2010 ), forensic entomology is fundamentally an inferential science because PMI estimates are based on extrapolations from experimental data. In the last four decades, general linear modeling (e.g., Nelder and Wedderburn 1972 , Dobson and Barnett 2008 , Ellison and Dennis 2010 , statistical power analysis (e.g., Cohen 1988) , multivariate statistics (e.g., Gauch 1982 , DeÕath 2002 , Anderson 2003 , and unambiguous rules of experimental design and sampling practice (e.g., Southwood 1978 , Hurlbert 1984 , Gates 1991 , Andow 2003 , Ruxton and Colegrave 2006 have been embraced by most biological disciplines for achieving a certain standard of quality and rigor in relation to inference. These ideas and techniques were generally not adopted by forensic entomologists due perhaps to underfunding by major granting agencies, more focused training on insect taxonomy and descriptive ecology, or to a misunderstanding of the consequences of inadequate design and statistics. When dealing with a ßuctuating abiotic and biotic environment, as well as with different exposure modes of human remains, inference cannot be supported by descriptive patterns alone.
The aims of this article are to objectively and critically assess experimental designs in forensic entomology, propose methodological solutions for increasing inference strength, and offer suggestions for improving data reporting in future articles. We believe this critical review is appropriate in light of the recent congressionally mandated report "Strengthening Forensic Sciences in the United States: A Path Forward" (National Research Council 2009), which requested higher scientiÞc standards from forensic practitioners. In addition, entomological evidence is being increasingly challenged in the courtroom, because of questions of validation and lack of a probabilistic footing (see Archer 2004 , VanLaerhoven 2008 . To avoid singling out any study, generic Þeld and laboratory sit-uations, representative of the forensic entomology literature, are discussed in different sections below. Although it would be relevant to review studies conducted in aquatic habitats, we chose to focus on laboratory and terrestrial-based studies because they constitute the bulk of the forensic entomology literature. We acknowledge that experimental design ßaws are unintentional and are often due to practical, economical, and publication-related issues that are not always under investigator control. Moreover, ßawed studies should not necessarily be dismissed or considered obsolete because they may offer valuable insight, such as data, knowledge, and research venues. However, when these studies are extrapolated to casework, their design ßaws need to be acknowledged.
Rules of Inference
Successional studies in forensic entomology are concerned with documenting the decomposition process and the baseline fauna for a speciÞc habitat within a biogeographic zone (e.g., Van Laerhoven 1996, Tabor et al. 2005a) . Often, forensic entomologists also compare baseline faunas (e.g., species composition, time-speciÞc occurrences, life-stage records) in different habitats within a geographic zone (e.g., Davis and Goff 2000, Leblanc and Strongman 2002) , or examine treatment effects, such as burial and concealment (e.g., Payne and King 1968 , VanLaerhoven and Anderson 1999 , Voss et al. 2008 , vertebrate scavenging (e.g., Morton and Lord 2006, OÕBrien et al. 2010) , Þre (e.g., Avila and Goff 1998), or dwellings and shade (e.g., Goff 1991 , Centeno et al. 2002 , Pohjoismäki et al. 2010 . The discovery of a corpse in biotic/ abiotic conditions that perfectly mimic those of previous forensic entomology studies is improbable. Hence, PMI estimates in human death cases require inference, which can be deÞned as conclusions drawn from available data (affected by random variation) extrapolated to another time, place, and context. Random variation comes from various biotic factors (e.g., local species pool, vertebrate scavenging), abiotic conditions (e.g., daily temperatures, soil moisture), and sampling (e.g., frequency, intensity). Inference, in turn, requires 1) adequate replication, 2) independence of experimental units, and 3) experimental conditions that capture a representative range of natural variability.
According to Hurlbert (1984) , an experimental unit is the smallest unit to which a treatment can be applied. In turn, a treatment is a voluntary modiÞcation to a variable of interest used to measure its effect. In manipulative studies, treatment assignment is directly under investigator control and thus, treatment levels can be randomized to experimental units (e.g., the effects of different levels of shade on insect succession). In observational studies, however, the treatment is not under investigator control (e.g., comparative study of carrion-arthropod succession in different habitats). We stress that a given variable cannot be a treatment and an experimental unit at the same time (see below).
Replication. To replicate a study, the number of experimental units for each treatment must be at least two. Whenever a treatment is not replicated (though samples may be), the study falls victim to simple pseudoreplication; if the study is replicated but the samples are pooled before statistical analysis, the study falls victim to sacriÞcial pseudoreplication (Hurlbert 1984) . In both cases, causal inference is unachievable and validation of treatment differences through the use of inferential statistics is impossible. In other words, the experimental error cannot be estimated, so differences between treatments cannot be compared.
Independence of Experimental Units. One of the basic assumptions behind most statistical tests is that there is no unaccounted autocorrelation/interdependence between sample units. Pseudoreplication is the most apparent example of interdependence but even well-replicated studies can suffer from a lack of independence 1) if there is isolative segregation of treatments, 2) if random effects (e.g., blocking variables) are not accounted for, or 3) if repeated measurements from each experimental unit are considered as true replicates (i.e., temporal pseudoreplication).
For successional studies, the independence of experimental units also implies an adequate distance between carcasses or pairs of carcasses so that they can be considered independent from one another. In the past, researchers have opted for a wide range of distances to separate carcasses exposed simultaneously, from a few meters (e.g., Tullis and Goff 1987 , Leblanc and Strongman 2002 , Shahid et al. 2003 , Schoenly et al. 2005 to hundreds of meters (e.g., Braack 1981, Watson and Carlton 2003) . In recent years, an average spacing of 50 m has more or less emerged (e.g., Anderson and Van Laerhoven 1996; Bourel et al. 1999; Tabor et al. 2005a, b; Martinez et al. 2007 ) as this seems sufÞcient, on soft substrates at least, to prevent most migrating maggots from cross-contaminating carcasses (Herms 1907 , Cragg 1955 , Norris 1959 , Nuorteva 1977 , Greenberg 1990 , Tessmer and Meek 1996 , Lewis and Benbow 2011 . However, for adult ßies and beetles, this distance may be insufÞcient to control for cross-contamination or interdependence of carcasses given the ability of ßying insects to locate carcasses many kilometers away (Gilmour et al. 1946 , Lindquist et al. 1951 , Yates et al. 1952 , Schoof et al. 1952 , Schoof and Mail 1953 , Cragg and Hobart 1955 , Norris 1959 . Obviously, separating carcasses (or experimental units) by several kilometers would demand more resources than if the carcasses were spaced closer together. Bait traps (e.g., Erzinclioglu 1980 , Schoenly 1981 , Anderson et al. 1990 ) may offer some hope of reducing the cross-contamination problem, provided ßying insects are collected in the Þrst bait trap they encounter. For now, however, we believe this issue cannot be resolved until the effects of carcass interdependence (i.e., aggregation effect) on the carrion fauna or the decomposition process have been experimentally tested using, for example, replicate arrays of carcasses (e.g., 2 ϫ 2) at different spacing distances (e.g., 5, 50, 500, and 5000 m between adjacent carcasses; see noncarrion studies by Heard volve placing carcasses every 50 m apart inside sampling grids or along transects with population or community abundances analyzed using geostatistics (e.g., Rossi et al. 1992 , Crist 1998 , Carroll and Pearson 1998 , Radeloff et al. 2000 to assess minimum intercarcass distance for effective independence.
Experimental Conditions Representative of Natural Variability. A decisive but often overlooked prerequisite for inference is the representativeness of experimental conditions. To extrapolate a speciÞc succession pattern to an entire ecosystem or geographic zone, a study needs to be conducted at more than one study site to measure potential site effects and to incorporate intersite variability. Otherwise, the external validity is reduced and the inferential power is limited, unless (in the unlikely event) a corpse is discovered at the same site where the study was conducted. The notion of "site" in forensic entomology is difÞcult to deÞne because the effects of carcass interdependence are not documented. Ideally, at least two distant study sites should be used within the limits of the geographic zone. The use of distant, unconnected sites will generally improve the inferential quality of the study because, on average, a larger range of natural variability will be encountered. The same rationale applies to the replication of studies over time in the sense that it will generally improve the inferential quality of the results while revealing interseason and interannual variability. Further work will be needed to identify the number of study sites required to account for most of the variability (e.g., species richness) in a particular area. In this regard, methods invented by community and landscape ecologists, such as bias-corrected collection curves, and extrapolation-based richness estimators (Colwell 2010 ) and gradient-directed transects (Gillison and Brewer 1985) , analyzed by boundary detection methods (Cornelius and Reynolds 1991) to statistically verify taxondeÞned boundaries in heterogeneous landscapes, may prove useful to forensic entomologists.
Critique of Published Studies
Methodology Used for Literature Review. We reviewed the experimental design of manipulative Þeld studies in forensic entomology, published post-Hurlbert (Hurlbert 1984) through 2009, to assess statistical adequacy. High rates of pseudoreplication and confusion between observational (sampling) and experimental units and their implications have been reported in several scientiÞc disciplines, including ecology (Heffner et al. 1996 , Hurlbert 2003 , Kozlov 2003 , animal behavior (Searcy 1989 , Lombardi and Hurlbert 1996 , Kroodsma et al. 2001 , marine invertebrate biology White 1993, GarciaBerthou and Hurlbert 1999) , chemical ecology (Ramirez et al. 2000) , economic entomology (Hurlbert and Meikle 2003) , and comparative psychology (Hurlbert 2009 ). Over the 25-yr period analyzed, twothirds of the studies were found in three journals (Forensic Science International, Journal of Forensic Sciences, and Journal of Medical Entomology) .
Articles were selected if they included comparisons of succession patterns and decomposition processes in one or more habitats, seasons, or case-study scenarios. After evaluation, each article was placed into one of the Þve categories: adequate analysis and design (i.e., inferential study with a valid design and analysis), descriptive study (i.e., study that did not make any inferences from their results), sacriÞcial pseudoreplication (see deÞnition above), inadequate analysis or design (i.e., study including experimental or statistical errors), simple pseudoreplication (see deÞnition above), and sorted into 5-yr blocks to examine time trends.
Results and Discussion
We examined 63 articles published post-Hurlbert (Hurlbert 1984 ) that reported the results of observational and manipulative Þeld experiments in forensic entomology. Our review revealed that 17% of the studies had adequate analysis and design, whereas 78% fell victim to simple or sacriÞcial pseudoreplication or had inadequate study designs (Fig. 1) , including two of our own studies (Schoenly et al. 2007, Michaud and Moreau 2009) ; the remaining 5% of the studies did not make any inferences. Simple pseudoreplication was, by far, the most common type of error found (33/63 or 52%), followed by sacriÞcial pseudoreplication (19%), and inadequate analysis or design (6%). Over the 25-yr period, studies falling victim to simple pseudoreplication also increased more sharply, especially in 2000 Ð2004, compared with the other four categories. Although Chaves (2010) suggests that linear mixed effects models (LMEMs) provide a statistical solution for analyzing pseudoreplicated data, none of the pseudoreplicated studies we reviewed could be salvaged by LMEMs because design ßaws arose from inappropriate treatment replication and not from randomization constraints. In the next six sections, we will use a mock case-study approach to identify different kinds of pseudoreplication and offer methodological solutions for increasing strength of inference to better inform future casework.
Case 1: Different Habitats. Comparisons of the succession pattern and the decomposition process in two or more distinct habitats within a geographic zone are common in the forensic entomology literature (e.g., Shean et al. 1993 , Richards and Goff 1997 , Davis and Goff 2000 , Leblanc and Strongman 2002 , Michaud and Moreau 2010 . If, as an example, one wishes to compare the baseline faunas in forests and crop Þelds in a geographic region, then it is customary to place a single carcass (or bait trap) in each of the two habitats and to look for differences in species composition. Unfortunately, this practice qualiÞes as simple pseudoreplication. The treatment is the habitat and the experimental unit is a patch of ground within the habitat where a carcass lies. There is only one replicate per treatment, even if the carcasses are repeatedly sampled through time. If two carcasses are placed in each habitat, either simultaneously or sequentially, pseudoreplication is still occurring because there is still only one patch in each habitat. To properly replicate this study and draw inferences about the carrion-related species in forest and crop habitats, the experiment should include one or more carcasses in each of two forests and two crop Þelds. Statistically speaking, treatment replication would only require one carcass per forest and one per crop Þeld, as long as two forests and two crop Þelds are used (for a total of four carcasses). However, this approach is risky because researchers may assume single-carcass results will yield "typical" or "representative" outcomes that cannot be validated because intercarcass variation (i.e., measurement error) within each forest or crop Þeld cannot be estimated. Furthermore, habitats should be selected to prevent complete isolative segregation of treatments (e.g., forests on one side, crop Þelds on the other) and habitats within sites should be randomly selected (see section above "Experimental conditions representative of natural variability"). Researchers should also be aware of the inßuence of edge effects when spacing carcasses within habitats embedded in heterogeneous landscapes (see Smith and Smith 2002 ; also see Fielder et al. 2008 for a casework example).
Case 2: Different Seasons. Several researchers have sought to test the effects of seasonality on the decomposition process and arthropod succession pattern (e.g., Putnam 1983 , Tantawi et al. 1996 , Centeno et al. 2002 , Grassberger and Frank 2004 , Michaud and Moreau 2009 . If, as an example, one wishes to document the succession patterns for summer and fall in a particular habitat of a geographic area, then a typical experimental design might involve simultaneous exposure of, say, four carcasses in the summer and four carcasses in the fall of the same year. Again, such a case qualiÞes as simple pseudoreplication; seasons are not replicated and carcasses qualify as subsamples, not independent experimental units. To make inferences about seasonal effects, the experiment should be conducted with carcasses exposed in each of two different summers and two different falls (i.e., in two different years), to measure interyear variability (Archer 2003) . In addition, placement of carcasses requires a sampling of sites, preferably at least two sites for each season. If the aim is to account for season-related effects without introducing confounding site-related effects, then study sites should be the same for both years. Because within-season variability is especially important in temperate regions, signiÞcant insight may be gained by adding carcass replicates. In addition, to capture and document within-season variability, researchers should consider exposing fresh carcass replicates sequentially (e.g., fortnightly, monthly), rather than simultaneously, throughout each season (Michaud et al. 2010) .
Case 3: Different Crime Scene Circumstances. Because the cause and manner of death can inßuence postmortem processes, it is customary to study decomposition and succession using a variety of scenarios that mimic known crime scenes (Smith 1986 ). Examples are death by hanging (Shalaby et al. 2000) or by burning (e.g., Avila and Goff 1998), and voluntary restriction of insect accessibility via concealment (e.g., Voss et al. 2008) or burial (e.g., Payne and King 1968, VanLaerhoven and Anderson 1999) .
If, as an example, one wishes to test the effect of restricting insect accessibility by use of a shelter, then a typical experimental design could involve one carcass exposed inside a shelter and another carcass exposed outside directly on the ground. However, considering that the treatment is the shelter, this practice would be another example of simple pseudoreplication. To properly replicate this study and make inferences about treatment effects, the experiment should include at least two sheltered carcasses and two unsheltered carcasses. Furthermore, the sheltered carcasses should not be simultaneously exposed in the same shelter; if they are, carcasses qualify as sub- Fig. 1 . Frequency, in the forensic entomology literature, of studies displaying 1) adequate analysis and design, 2) descriptive results only, 3) sacriÞcial pseudoreplication, 4) inadequate analysis or design, and 5) simple pseudoreplication. Sixty-three articles that reported the results of observational and manipulative Þeld experiments were examined. samples and pseudoreplication is still occurring. In other words, the treatment effect would only be associated with the particular shelter used and not to the use of shelters in general. In addition, as explained above, a segregation of treatments, either temporal (e.g., sheltered carcasses at one time, unsheltered carcasses at another time) or physical (e.g., sheltered carcasses on one side, unsheltered carcasses on the other), should be avoided, and sites within the Þelds and within the shelters should be randomly selected. In studies carried out to replicate speciÞc casework conditions, carcasses should be placed at or near the same site and time of year of the speciÞc case. Although variation because of site and time is reduced by this recommendation, interannual variation is not.
Case 4: Pooled Successional Data. Historically, successional data from replicate carcasses have been pooled into one ÔcompositeÕ diagram or table without Þrst testing arthropod species for temporal synchrony (Nelder et al. 2009 ). Although this practice has carried over from studies on exhumed corpses (e.g., Mé gnin 1894) and may seem unavoidable, it qualiÞes as sacriÞcial pseudoreplication because it ÔsacriÞces the replicatesÕ by preventing examination of successional variation. In some casework, data pooling from multiple carcasses has brought reliable results when a range of days has been offered as a PMI estimate (e.g., Goff and Odom 1987 , Goff et al. 1988 , Goff and Flynn 1991 .
Several researchers have devised indices (e.g., a taxonÕs residence time, proportion of days present, combined species cooccurrence, individual or combined probabilities of species occurrence in relation to accumulated degree-days) to test whether the pattern or synchrony of arthropod succession varies among carcasses without resorting to sacriÞcial pseudoreplication (Schoenly 1992; Wells and Greenberg 1994; Moreau 2009, 2011; Nelder et al. 2009 ). Disaggregating the data may also allow construction of numerical probability tables for estimating the likelihood that a certain subset of taxa will cooccur on human remains at a particular time since death (LaMotte and Wells 2000, Moreau 2009, Wells and LaMotte 2010) .
Consequently, future researchers should resist the persistent practice of sacriÞcial pseudoreplication (Fig. 1) by statistically testing for intercarcass differences within and between treatments and recording successional variation of forensically important species in diagrams or tables (i.e., error bars or means Ϯ SD). Wherever possible, in addition to journal publication, succession diagrams or tables of each carcass replicate should be deposited in one or more supplementary data Þles that are digital and internet accessible, with appropriate documentation, in keeping with standard practice in other scientiÞc disciplines. To permit inspection of each species as a potential PMI indicator, succession diagrams or tables should report raw occurrence/abundance data per sampling event (e.g., day) for each species and not lump occurrence/ abundance data into decay stages. In addition, daily ambient (and if available, carcass and soil) temperatures should be included and, for the same reasons as mentioned above, measured at least twice (i.e., two probes for ambient temperature near the same or different carcasses).
Case 5: Repeated Observations on Carcasses. Successional studies in forensic entomology typically involve repetitive sampling of the same experimental unit (i.e., a pig carcass) over a period of time. Thus, in addition to the fact that all daily samples come from the same animal, the strength of the correlation is typically higher in measurements taken closer in time (e.g., days 1 vs. 2) than those taken farther apart (e.g., days 1 vs. 10). Here we omit further statistical elaboration except to mention that, in addition to adequate replication, repeated measures analyses (von Ende 2001) and uniformity tests (Saavedra and Douglass 2002) are needed in such contexts; otherwise, the study suffers from temporal pseudoreplication and interdependence of experimental units. Among forensic entomologists, statistical adjustments for repeated measures on carcasses have been rarely applied. Drawing inferences without such adjustments would necessitate more resources because it would require sequential samples to be taken from different carcasses exposed simultaneously in a given habitat under the same conditions (sample 1 from carcass A, sample 2 from carcass B, and so forth; de Jong and Hoback 2006). Consequently, proper statistical analyses of repeated measures designs (commonplace in many experimental sciences) increase rigor. We encourage use of repeated measures analyses to analyze successional data.
Case 6: Development Time Studies. Because most PMI estimates are based on the age of maggots found at the crime scene (rather than size), laboratory studies in forensic entomology have been chießy concerned with documenting basic growth curves of forensically important ßy species in relation to temperature (e.g., Kamal 1958 , Nishida 1984 , Greenberg 1991 , Anderson 2000 , Byrd and Allen 2001 . The effects of rearing media (e.g., Smith 1986; Byrd and Butler 1996 Day and Wallman 2006, Tarone and Foran 2006) , maggot mass (e.g., Slone and Gruner 2007, Rivers et al. 2010) , photoperiod (Nabity et al. 2007) , and illicit drugs and toxins (e.g., Goff and Lord 2010) on maggot development have also been investigated. The rules of inference in laboratory experiments differ from Þeld experiments because laboratory experiments possess a high degree of internal validity but have little external validity until they are corroborated under Þeld conditions. In addition, the practical issues that may affect inference differ to some extent between laboratory and Þeld settings and warrants an independent evaluation.
It is customary for forensic entomologists to evaluate larval development at a range of constant temperatures consistent with the natural variability of their geographic range (e.g., Anderson 2000, Byrd and Allen 2001) . As an example, if one wishes to evaluate the development of a blow ßy under three different temperatures, three growth chambers set at, say, 12, 17, and 22ЊC and each containing 200 individuals could be used. The experiment could subsequently be Ôrep-licatedÕ two more times using the same growth chambers set at the same temperatures. However, there would be three problems with this practice. First, the experimental unit in this case is the chamber, and because only one chamber is used for each temperature, there is only one true replicate per treatment. Thus, this design qualiÞes as simple pseudoreplication. Second, it is assumed that the chambers are identical and that the only variable that differs is the treatment (i.e., temperature). However, this may not be the case, and the questionÑÔIs the detected treatment effect caused by differences in temperature or just to differences between growth chambers?Ñis impossible to answer. Third, using the same growth chamber for each treatment increases the risk of Ônondemonic intrusionÕ (Hurlbert 1984) , in which treatment effects are detected but caused by Ôsomething other thanÕ the treatment, such as involuntary manipulative errors or unknown circumstances (e.g., problems with light intensity, vibration, ventilation). Because all the samples for one temperature treatment are in the same chamber (i.e., isolative segregation of treatments), they could all be affected equally by the ÔproblemÕ without the investigatorÕs knowledge. One of the ways to avoid these issues would be to use at least three more growth chambers (i.e., two chambers for each temperature). This may, however, represent a challenge for researchers that do not have access to such facilities. Another more economical way to avoid these issues is to randomly assign each of the three temperatures to the three chambers (i.e., one chamber for each temperature), then do at least a second trial with temperatures reassigned at random to the three chambers. Each trial could then be considered as a block effect that could be extracted using mixed model analysis. For a discussion of common experimental problems related to the use of growth chambers, see Lee and Rawlings (1982) and Hurlbert (1984) .
In their comparison of pseudoreplicated and replicated rearing results for Phormia regina (Meigen), Nabity et al. (2006) suggested that the past practice of using set-chamber temperatures, instead of rearingcontainer temperatures inside chambers, may have introduced more experimental error in Þnal degreeday models than the more common problem of pseudoreplication. Whether this intriguing Þnding holds for other forensically important species awaits further investigation but is theoretically plausible. Indeed, the possibility exists that issues related to pseudoreplication alone are minor compared with other issues, such as random variation in growth rates, undetected population genetic structure, or uncontrolled spikes in maggot mass temperature, just to mention a few.
Appropriate Replication and Effect Size
The absence of pseudoreplication in an experiment does not imply that treatment replication was sufÞ-cient to detect signiÞcant effects. Considering the natural variability of the materials being studied, a researcher should aim for a number of replicates that result in an adequate statistical power (i.e., 0.8 or larger; Cohen 1988) to detect biologically signiÞcant effects or provide conÞdence intervals that are satisfactorily narrow. If a priori knowledge is available on the expected effect size and measurement variability (e.g., preliminary data, literature accounts), power analysis can determine adequacy of different replications (e.g., Lenth 2006 . As an example, a comparison between an entomological method and other medicolegal approaches in estimating PMI, using published data by Kashyap and Pillay (1989) recovered from 16 cadavers, demonstrates a statistical power of 0.37 (two-tailed, one-sample t-test; H 0 : ϭ 0; ␣ ϭ 0.05; effect size ϭ 0.44). For this variable and analysis, a priori power analysis indicates that the number of replicates required to detect a difference at ␣ ϭ 0.05 with a statistical power of 0.8 would be 43 cadavers. If a priori knowledge is not available, power analysis can still be used to determine the number of replicates required to detect a predeÞned effect size with chosen statistical power (Cohen 1992) . Conversely, power analysis should not be used to determine whether the null hypothesis of a high power test is acceptable (i.e., retrospective power analysis) because the sole conclusion that can be reached from nonsigniÞcant tests is that the result is inconclusive (Fisher 1935 , Lenth 2001 , Andow 2003 , Nakagawa and Foster 2004 . Alternatively, by considering that statistical models used to describe data are approximations of reality, researchers can also examine the consistency and efÞ-ciency of the statistics produced from existing data using measures of robustness (Heritier et al. 2009 ). Because power analysis and robustness calculations are based on both the statistical analysis and experimental design used, their demonstrations are beyond the scope of this article.
Conclusion
ScientiÞc rigor in inferential sciences such as forensic entomology can only be attained by means of appropriate experimental design. A lack of treatment replication cannot be salvaged by any statistical analysis. As Kroodsma (2001) recommended for playback experiments in the behavioral sciences, the absence of pseudoreplication should be viewed as "a minimum requirement that should be met before the merits of an experiment are evaluated." We recognize that in certain forensic settings it may be impractical or difÞcult to use standard experimental designs. For example, Tibbett and Carter (2009) claim that replicating human corpses in forensic experiments is impossible. Outdoor decomposition facilities operated by university anthropology departments typically receive donated human corpses on different days. Because of the variability in corpse condition (e.g., age, weight, gender, acquisition date, postmortem state), researchers may not receive ÔreplicateÕ corpses that meet their design criteria (e.g., death within 48 h of acquisition, intact, unautopsied, and unembalmed; Schoenly et al. 2007 ) when they were needed for experiments. This situation is not unlike some whole-lake studies (i.e., impacts of eutrophication, acid deposition) whose ÔreplicateÕ lakes differed historically, ecologically, and taxonomically (Carpenter 1990b , Schindler 1998 . In this context, ecosystem ecologists explored (then) less-familiar statistical methods, such as randomization methods (Diaconis and Efron 1983) , time-series analysis (Jassby and Powell 1990) , beforeafter, control-impact designs (Schmitt and Osenberg 1996) , and Bayesian statistics (Reckhow 1990 ). We concur that statistical analysis involving one or more of these methods can be informative or used to corroborate particular theories (Carpenter 1990a , Hurlbert 2003 . However, when inferences must be drawn, such as with casework, there is no substitute for experimental replication as it is critical to know the taxonomic, spatial, and temporal framework to which an experiment can be extrapolated.
To increase the likelihood of rapid progress in the discipline, strong inference needs to be practiced over encyclopedism (Platt 1964) , such as adding self-critiques to articles (e.g., "what experiment could disprove my hypothesis?"). Moreover, for inferences to be valuable in casework and resistant to cross-examination, links between basic and applied ("litigation", National Research Council 2009) research should be strengthened (Tomberlin et al. 2011) . As illustrated in the present critique, we identiÞed speciÞc areas of improvement in methodological practice that can be addressed in future research. As our article represents only the second critical examination of the methods and practices of forensic entomology (Chan and Imwinkelried 2009) , and the second to provide guidelines and standards (Amendt et al. 2007 ), we hope it will be beneÞcial to the discipline on many levels. We also hope this article will constitute an early step toward meeting the recommendations proposed by Panel Members of the American Academy of Forensic Sciences (2009) in response to the National Research Council report.
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